ABSTRACT A series of model experiments were conducted using an intermediate ocean-atmosphere-land model for a better understanding of a distinct land-sea asymmetry in tropical precipitation differences between the midHolocene and preindustrial climates. In austral (boreal) summer, most reduced (enhanced) precipitation occurs over continental convective regions, while most enhanced (reduced) precipitation occurs over oceanic convection zones. This land-sea asymmetry of tropical precipitation is particularly clear in austral summer. During the mid-Holocene, the solar forcing presents both spatial and seasonal asymmetric patterns. While the boreal summer insolation is stronger at high latitudes of the Northern Hemisphere in the mid-Holocene than at present, the austral summer insolation is weaker with a more spatially symmetric distribution about the equator. Because of the slow response time of the ocean to forcing, the direct insolation forcing of the current season is cancelled by the ocean memory of an earlier insolation forcing, which in the case of the midHolocene is opposite to the current season insolation forcing. As a result, tropical sea surface temperature variation, as well as the tropical atmospheric temperature and moisture changes, is small, which gives rise to a different precipitation response from under the condition of stronger atmospheric temperature and moisture changes, such as in the case of postindustrial global warming induced by an increased concentration of atmospheric greenhouse gases. Thus, the cancellation between the direct and memory effects of the seasonally asymmetric insolation forcing leaves the net energy into the atmosphere to be responsible for the land-sea asymmetry of tropical precipitation changes.
Introduction
The climate of the mid-Holocene has been studied intensively via both geological paleoclimate records and model simulations. From the globally distributed proxy record reconstruction, the mid-Holocene climate displays distinctly different patterns compared to the preindustrial climate, especially in the Northern Hemispheric monsoon regions, and was therefore chosen as a main target time slice for model simulations (Joussaume et al. 1999) . General features of 18 Paleoclimate Modelling Intercomparison Project Phase 1 (PMIP1) model simulations indicate a strengthening of monsoons in the Northern Hemisphere, which is roughly in agreement with proxy reconstructions (Joussaume et al. 1999) . However, discrepancies between model simulations and data synthesis in North Africa have brought on more thorough model experiments on the regional vegetation and soil feedbacks in this region (e.g., Kutzbach et al. 1996; Texier et al. 1997; Broströ m et al. 1998; Jolly et al. 1998) , and also some discussions on the influence of atmosphere-ocean coupling (Kutzbach and Liu 1997; Zhao et al. 2005) . More recently, model experiments were conducted to access dynamical mechanisms that limit the northward extension of vegetation into the present Sahara Desert (Jolly et al. 1998) via an intermediate atmospheric model coupled with a simplified land surface model (Su and Neelin 2005) . Several model studies were also performed to better understand the influence of atmosphere-ocean coupling to the East Asia summer monsoon during the mid-Holocene (e.g., Braconnot et al. 2000; Liu et al. 2003; Ohgaito and Abe-Ouchi 2007) .
During the mid-Holocene, with surface conditions and greenhouse gas concentrations being similar to that of a preindustrial condition, the insolation difference brought about by orbital configurations becomes the major forcing for the climate, compared to preindustrial modern conditions. The resulting insolation forcing of the combination of the three orbital parameters-namely, obliquity, the precession of the earth's axis, and the eccentricity of the earth's orbit around the sun-is shown in Fig. 1 . Mean boreal summer [June-August (JJA)] insolation is stronger during the mid-Holocene than at present, and therefore induces a warming effect with a spatially asymmetric pattern, with its highest value at high latitudes of the Northern Hemisphere. Austral summer [DecemberFebruary (DJF) ] averaged insolation, on the other hand, induces a cooling effect that is more symmetric to the equator. These opposite effects of seasonal insolation are termed ''seasonally asymmetric insolation forcings'' in our discussion. In other words, the insolation forcing tends to warm up the tropics, our area of interest, in JJA, and cool down the tropics in DJF. Overall, the midHolocene insolation forcing on the whole presents a temporal asymmetry, while the summer insolation forcing has a spatially asymmetric pattern.
This contrasting insolation forcing is also found earlier in the Holocene, about 9000 yr BP. Earlier modelers performed sensitivity tests on this time slice using a prescribed modern sea surface temperature (SST) in general circulation model (GCM) simulations, considering the counteracting insolation that increases in the boreal summer and decreases in the austral summer (Kutzbach 1981; Kutzbach and Otto-Bliesner 1982) . The enhanced Northern Hemispheric summer monsoon is simulated as a result of enhanced summer insolation and is supported by proxy records. However, discussions on the interaction between seasonally contrasting insolation forcings and geographic boundaries, such as land and ocean, were ignored. Most later-model simulations incorporated ocean and vegetation feedbacks by coupling an atmospheric model with ocean and vegetation models. The simulated climate pattern in comparison with proxy records (Qin et al. 1998; Joussaume et al. 1999; Liu et al. 2003) and the influence of the feedback processes in regional climate were discussed (Broströ m et al. 1998; Zhao et al. 2005 ). However, model-experimentbased discussions on dynamical mechanisms that cause large-scale climatic variations have been left untouched. The purpose of this study therefore focuses on not only the mid-Holocene climate as a result of the seasonally asymmetric insolation forcing but also on the influences of a direct insolation forcing in different seasons on components of the earth's climate system, especially land and ocean, and how the seasonal insolation forcings interact with each other.
The description of the model and the experiment design are given in section 2. Section 3 presents the general feature of the mid-Holocene climate in model simulations and proxy records, a land-sea asymmetry of tropical precipitation changes in particular. Before further discussion on the cause of the precipitation differences between the mid-Holocene and current (preindustrial) climate via model experiments, a budget analysis of the mid-Holocene simulation is performed in section 4. The effect of the direct insolation forcing and the ocean memory on tropical precipitation is discussed in section 5, followed by a general discussion on the mid-Holocene climate and conclusions.
Model and experiment design a. The model
To understand mechanisms for tropical precipitation in the mid-Holocene, a climate model of intermediate complexity Zeng et al. 2000 , hereafter ZNC) was used. On the basis of the analytical solutions derived from the Betts-Miller moist convective adjustment scheme (Betts and Miller 1993) , typical vertical structures of temperature, moisture, and winds for deep convection are used as leading basis functions for a Galerkin expansion Yu and Neelin 1994 equation model makes use of constraints on the flow by quasi-equilibrium thermodynamic closures and is referred to as quasi-equilibrium tropical circulation model with a single vertical structure of temperature and moisture for deep convection (QTCM1). Because the basis functions were based on vertical structures associated with the convective regions, these regions are expected to be well represented and similar to a GCM with the BettsMiller moist convective adjustment scheme. Far from the convective regions in the tropics, QTCM1 is a highly truncated Galerkin representation, equivalent to a twolayer model. A cloud radiation scheme (Chou and Neelin 1996; ZNC) , simplified from the full GCM radiation schemes (Harshvardhan et al. 1987; Fu and Liou 1993) , was included. Deep convection and cirrocumulus/cirrostratus cloud fraction was estimated by an empirical parameterization (Chou and Neelin 1999) . A simple formula was used to obtain atmospheric boundary layer winds under assumptions of a steady state and a vertically homogeneous mixed layer with fixed height (Stevens et al. 2002 ).
An intermediate land surface model with a single layer for both energy and water budgets was used to simulate interaction between land surface and the atmosphere (ZNC). There are three land surface types-forest, grass, and desert-differing in soil moisture, field capacity, roughness length, and evapotranspiration characteristics (see ZNC). Prescribed surface albedo from the Darnell et al. (1992) climatology was used. The version of the model used here did not include topography, but mountainlike heating was used to mimic the thermal effect of topography. The topographic effect has strong influences on monsoon systems, so the assumption of no mechanical effect of topography implies caveats in discussing summer monsoons, such as the Asian summer monsoon (Chou 2003; Chou and Neelin 2003) . However, it will have little effect on the land-ocean asymmetry of tropical precipitation in which we are interested. To examine air-sea interaction, a mixed layer ocean with 50-m fixed depth was coupled with the atmospheric model (Chou et al. 2001) . The prescribed seasonal divergence of ocean heat transport, Q-flux, in the mixed layer ocean was estimated from a 10-yr run with climatological SST. With the prescribed Q-flux, SST was determined by the energy balance between latent heat, sensible heat, surface radiative flux, and Q-flux.
b. Experiment design
Three sets of experiments were performed to examine how the earth's climate responds to seasonally asymmetric insolation forcings in the mid-Holocene. With the insolation forcing being the focus of this study, a realistic insolation forcing was applied (Berger 1978) , while the boundary conditions in all experiments were set to values identical to preindustrial values, including the atmospheric CO 2 concentration (Raynaud et al. 1993) . The results of each experiment shown in this study were calculated from the last 100 yr of 200-yr model simulations, while the first 100 yr of spinup were disregarded. The details of the experiment design can be found in Table 1 .
The first pair of experiments was used to examine the differences between the mid-Holocene (MH) and the current climate (CTRL). The PMIP Phase 2 (PMIP2) modern preindustrial condition was applied in the CTRL (Braconnot et al. 2007 ).
In the MH experiment, the calendar effect (Joussaume and Braconnot 1997) was not included, similar to most of the PMIP2 simulations. This caused slight differences in insolation (not shown), with maxima in autumn (Braconnot et al. 2007 ). However, it did not affect our results qualitatively, especially with the focus of this study being in JJA and DJF, when the changes were relatively small. To examine mechanisms of precipitation changes, the associated process was suppressed in paired experiments, EXP and EXP_CTRL. In this study, we only examined the effect of the net energy into the atmosphere F net , which includes net solar and longwave radiation into the atmosphere, sensible heat, and latent heat. The detailed derivative of F net can be found in section 4. In this pair of experiments, all components of F net except the net solar radiation were prescribed with the values obtained from the CTRL experiment. The net solar radiation of the EXP and EXP_CTRL experiments was calculated according to the mid-Holocene and the preindustrial insolation parameters, respectively. Thus, most of the effect of F net was suppressed in the results of the EXP minus the EXP_CTRL experiments, since the net solar radiation into the atmosphere is relatively small.
The third set of experiments, namely, the direct (Dir) insolation forcing experiment, was designed to examine effects of the insolation forcing in different seasons separately, especially boreal and austral summers, when the changes of the insolation forcing are the strongest. In the JJA_Dir (DJF_Dir) experiment, the insolation parameters of the mid-Holocene were assigned in JJA (DJF), while the preindustrial insolation parameters were applied in the other 9 months. Thus, the insolation still varies for the entire year, with the mid-Holocene insolation in only one season. The results of both experiments were compared with the CTRL experiment. In other words, the difference between the paired JJA_Dir (DJF_Dir) and CTRL experiments were aroused solely by the JJA (DJF) insolation difference between the mid-Holocene and the preindustrial periods. In the JJA_Dir experiment, for instance, changes in JJA was induced by the direct insolation forcing, while changes in DJF was caused by a memory effect of the JJA insolation forcing, which was stored in the ocean. To simplify the experiments, the effects of the spring and autumn insolation forcings were omitted here. This simplification slightly modified the magnitudes of the changes, but it did not alter the main conclusion discussed later.
The mid-Holocene climate
According to various geological records and model simulations during the mid-Holocene period, a very significant strengthening of the East Asian and African summer monsoons is documented (e.g., Kutzbach 1988; Kutzbach and Liu 1997; An et al. 2000) . Both the PMIP2 (Braconnot et al. 2007 ) model ensemble of 16 oceanatmosphere GCMs (Fig. 2a ) and the QTCM1 control pair results (Fig. 3a) show stronger precipitation north of the mean summer monsoonal rain belt of the preindustrial climate (the thick contour) in North Africa and Asia, and weaker precipitation to the south, located mostly over tropical to subtropical ocean areas, during the midHolocene than during the preindustrial boreal summer.
The increase of surface temperature ( Fig. 4a ) over the Northern Hemisphere, which is a direct response to stronger boreal insolation in the mid-Holocene, is also in good agreement with the temperature trend indicated by pollen records (e.g., Xiao et al. 2004; Zhou et al. 2004 Zhou et al. , 2005 Liew et al. 2006 ). Both simulated tropospheric temperature and moisture anomalies (Figs. 4b and 4c) vary with a rough correspondence to surface temperature anomalies. However, because of atmospheric wave dynamics (Wallace et al. 1998; Chiang and Sobel 2002; Su et al. 2003) , they show a smoother pattern. Over the Eurasian continent, an enhanced meridional gradient of tropospheric temperature is found ( Fig. 4b) , which is believed to be associated with the strengthening of the Asian summer monsoon in the mid-Holocene (Li and Yanai 1996) . As the northward shift and enhancement of the boreal summer monsoon rainfall is a prominent feature in both geological records and model simulations, the change of the mid-Holocene precipitation in austral summer is very different (Fig. 3b) . Precipitation decreases over the summer-monsoon-dominated regions in the Southern Hemisphere, including South Africa, North Australia, and South America (Gasse 2000; Baker et al. 2001a,b; Thevenon et al. 2002; Fritz et al. 2004; Garcin et al. 2006; Toledo et al. 2007) . In contrast to the boreal summer warming of the continents by stronger summer insolation, weaker boreal winter insolation in the midHolocene causes surface cooling over most of the continental regions (Fig. 4d) , which is roughly consistent with the PMIP2 ensemble (not shown). The cooling of the surface temperature in turn causes a slight cooling of the tropical troposphere and a decrease in the tropospheric moisture (Figs. 4e and 4f) . The variation in the tropospheric temperature anomaly is relatively smaller in DJF than in JJA (Figs. 4b and 4d) .
Although the climatological major precipitation areas in the tropics are more evenly distributed over the tropical continents and oceans (the thick line in Fig. 3b ), the simulated mid-Holocene precipitation anomaly of austral summer (DJF) over convective regions (the thick line) shows a clear land-sea asymmetry, with increased precipitation over oceanic convection zones, which contrasts with the decreased precipitation over continental convective regions at the same latitude. The pattern of increased precipitation over ocean and decreased precipitation on land is also clearly presented in the PMIP2 model ensemble (Braconnot et al. 2007) . A similar but reversed land-sea asymmetry of precipitation changes is also observed in boreal summer (JJA), although the northward shift of the major rainband is very prominent. Surface temperature differences show a similar tendency where land and ocean temperatures change in a more or less opposite direction to one another (Figs. 4a and 4d). As shown in both the PMIP2 ensemble and the QTCM1 results, the reversed pattern of boreal and austral summers under the influence of the seasonally asymmetric insolation forcing seems very obvious.
Because of the lack of ocean dynamics, some features might not be able to be simulated by the coupling system of QTCM1 and a mixed layer ocean. This could create caveats in studying some aspects of the mid-Holocene climate. For instance, the weakening of the Atlantic ITCZ, which is found in the PMIP2 ensemble (Fig. 2a) , is not well simulated by QTCM1 (Fig. 3a) even though negative precipitation anomalies, induced by a different mechanism (Chou and Neelin 2004) , did occur near this region. Overall, this model system did a relatively good job in simulating the land-sea asymmetry of tropical precipitation change in which we are interested. Thus, this coupling system should be good enough for studying mechanisms inducing this land-sea precipitation asymmetry. To understand the mechanisms that determine changes in precipitation in all the experiments, the vertically integrated moisture budget in a steady state is first diagnosed to gain an insight into how the atmospheric moisture is balanced. The precipitation differences between the mid-Holocene and the preindustrial climate can be estimated by
where E is evaporation, v is vertical velocity on the pressure scale, and v is horizontal velocity. The specific humidity q is in energy units by absorbing the latent heat per unit mass, L. The precipitation is in energy units (W m
22
), becoming millimeters per day (mm day
21
) when divided by 28. Here hÁi denotes a mass integration through the troposphere with p T as the depth of troposphere:
where p s is surface pressure and g is gravity, () represents climatology of the preindustrial climate, and ()9 is the difference between the preindustrial and the midHolocene climates, that is, the mid-Holocene minus the preindustrial climate. All terms in the moisture budget (1) are in energy units. In the tropics, the vertical velocity anomalies v9 can be estimated via the moist static energy (MSE) budget since tropical convection is the most dominant process. The vertically integrated MSE budget can be written as
where T is atmospheric temperature that absorbs the heat capacity at constant pressure C p ; MSE is h 5 q 1 s.
The dry static energy is s 5 u 1 T, and u is the geopotential. The quantity F net is defined as the net energy input to the atmospheric column: We can interpret the earlier-mentioned budgets by using the approximation in QTCM. Under the constraint of quasi-equilibrium convective closures discussed in Chou and Neelin (2004) , the vertical moisture advection 2hv› p qi, with the definition of a typical vertical profile of vertical motion V( p) of deep convection, can be rewritten as
where v 1 is the wind component associated with the baroclinic structure under the convective quasi-equilibrium constraint. The gross moisture stratification M q Yu et al. 1998 ) is given by
In the convective regions, M q measures the basic-state moisture available for precipitation. Note that $ Á v 1 . 0 indicates low-level convergence and upper-level divergence, hence, upward motion. Here V(p) is positive, so M q is positive as well. The moisture budget (1) then becomes
The second-order term M9 q $ Á v9 1 , including the nonlinear effect and transients, is neglected in this study. Equation (7) can be taken for the diagnostic analysis of precipitation changes between two model runs, that is, precipitation changes are balanced by processes on the right hand side (rhs). Similar to the moisture advection in (5), the vertical MSE advection 2hv› p hi can be written as
where the gross moist stability M Yu et al. 1998 ) is defined as
In the convective regions, M represents effective static stability for large-scale motions. Thus, the vertically integrated MSE budget (3) can be rewritten as
The vertical velocity $ Á v9 1 can be estimated by (10), so the moisture budget (7) is further modified as
c. Diagnosis
The precipitation differences between the MH and CTRL runs (Figs. 3a and 3b for JJA and DJF averages) are compared with four terms on the rhs of (7), the moisture budget (Figs. 5 and 6 ). For both JJA and DJF climatologies, the overall patterns of the four terms on the rhs of (7) show that the precipitation changes are mostly dominated by moisture convergence induced by anomalous vertical motion, namely M q $ Á v9 1 (Figs. 5a  and 6a ). While the enhanced moisture convergence coincides with the increased precipitation, the weakened moisture convergence occurs in regions with decreased precipitation. The second term, M9 q $ Á v 1 (Figs. 5b and  6b) , changes most pronouncedly when the tropospheric moisture changes dramatically (Figs. 4c and 4f ), such as in the Asian-African summer monsoon region, and is also slightly magnified by the mean vertical motion. However, these changes are not significant enough to become a major contributor to the precipitation changes. The horizontal moisture advection anomaly (Figs. 5c and 6c ) has a more disorderly pattern. The dry and moist advection is somewhat stronger in boreal summer than in austral summer. In areas with a strong moisture gradient, the horizontal moisture advection changes are strong. For instance, the Asian summer monsoon region is dominated by a dry advection (Fig. 5c) , which is associated with a positive meridional gradient of moisture changes (Fig. 4c) . Evaporation changes are relatively weak in general, with some exceptions in summer-monsoondominated regions where strong precipitation changes occur. The continental evaporation changes are mainly controlled by surface temperature and soil moisture content. The strong evaporation changes are concentrated in limited continental regions where strong summer monsoon precipitation occurs, which increases the soil water content (not shown) that in turn affects the evaporation in those regions not only in boreal summer but also later in austral summer. On the other hand, evaporation over ocean varies mainly with SST changes (Figs. 4a and 4d) , which has opposite signs in boreal and austral summers; therefore, the evaporation changes also show an opposite response (Figs. 5d and 6d ). We note that relatively strong negative evaporation anomalies are found over the northern Indian Ocean in JJA. The reduced evaporation is associated with both colder SST and weaker surface wind speed (not shown) in the mid-Holocene. On the basis of the spatial patterns and the amplitudes of the moisture budget shown in Figs. 5 and 6, the anomalous moisture convergence associated with the anomalous vertical motion (M q $ Á v9 1 ) is the primary term contributing to the anomalous precipitation. The MSE budget (10) is therefore analyzed to understand factors causing the vertical velocity changes, because convection is the main process producing precipitation in the tropics. On the lhs of (10), M$ Á v9 1 (Figs. 7a and  8a ), which has a very similar pattern to M q $ Á v9 1 (Figs. 5a and 6a), is balanced by M9$ Á v 1 , the horizontal MSE advection 2hv Á $(q 1 T )i9, and F net9 on the rhs of (10). It is clear that the net energy absorbed by the atmosphere F net9 in Figs. 7d and 8d shows the most resemblance to the distribution of M$ Á v9 1 , as shown in both boreal and austral cases where the land anomaly is opposite to the ocean anomaly. In continental regions, surface temperature responds rapidly, as well as longwave radiation and sensible and latent heat fluxes, to compensate for the change in solar radiation for both boreal and austral summers. As the upward longwave radiation and the sensible heat flux from the earth's surface are controlled by surface temperature, the continental surface temperature therefore varies in the same direction as the insolation forcing, which indicates an enhancement in boreal summer and a reduction in austral summer. On the other hand, in tropical ocean regions, the SST varies contrarily to the continental surface temperature, which is inconsistent with the insolation forcing. The evaporation changes over ocean also show a tendency opposite to the latitudinal shortwave radiation changes and are the dominant contributor to the F net changes over ocean. The term M9$ Á v 1 (Figs. 7b and 8b ) contributes very little to the anomalous vertical motion in the tropics (Figs. 7a and 8a) . Most larger values of the horizontal MSE advection occur in higher latitudes (Figs. 7c and 8c) , and these values are related to midlatitude storm activities. The strong horizontal advection over the Asian summer monsoon region, however, is associated with strong meridional gradients of temperature (Fig. 4b) and moisture (Fig. 4c) . This strong advection is responsible for the dipole pattern of the Asian summer monsoon rainfall changes (Fig. 3a) . In other words, the northward shift of the Asian summer monsoon rainband is associated with the horizontal advection of MSE, which is consistent with previous studies (e.g., Hewitt and Mitchell 1998; Joussaume et al. 1999; Braconnot et al. 2002) .
To directly test the significance of F net9 in determining the mid-Holocene precipitation change (MH 2 CTRL), the F net9 term was suppressed in the hypothesis-testing experiments, that is, the EXP and EXP_CTRL experiments. In other words, the climate responded only to the mid-Holocene insolation forcing without contributions from the net longwave radiation into the atmosphere, latent heat, or sensible heat flux components in the F net9 term. The resulting precipitation difference over convective regions (EXP 2 EXP_CTRL) for both boreal and austral summers (Fig. 9) is significantly diminished when compared with the control experiment (MH 2 CTRL) results (Fig. 3) . We note that the meridionally varied summer insolation forcing is still important, so the reduction of the precipitation difference is more evident in DJF than in JJA. Outside convective regions, other effects, such as horizontal moisture and temperature advections, can still induce precipitation changes. The disappearance of a major precipitation anomaly pattern over convective regions after suppressing F net9 suggests that the F net9 term is quite effective in determining precipitation changes, consistent with the analysis of the MSE budget, which was discussed earlier.
Effects of direct insolation and ocean memory
On the basis of the budget analysis of the control experiments, a strong land-sea asymmetry in precipitation changes and F net9 suggests a possible effect due to different properties of ocean and land under the mid-Holocene insolation forcing. To examine this effect, the direct insolation forcing experiments (DJF_Dir and JJA_Dir) were conducted. While the model is forced only by the JJA insolation forcing (JJA_Dir 2 CTRL), the boreal summer insolation (Fig. 1 ) causes significant surface warming over all tropical regions (Fig. 10b) , with slightly stronger warming over land than ocean. Moreover, influenced by the spatially asymmetric insolation forcing, that is, one which is stronger in the Northern Hemisphere, the surface warming also shows a similar spatial pattern with more pronounced warming in the north. The tropospheric temperature changes (Fig. 10c) show a corresponding warming pattern, with slightly stronger warming in the Northern Hemisphere but smoother than the surface temperature. Fig. 7 , but for DJF.
FIG. 8. As in
The tropospheric moisture (Fig. 10d) , which is mostly associated with the tropospheric temperature, therefore also increases more substantially in the Northern Hemisphere.
On the other hand, significant tropical cooling occurs when the model is forced only by the DJF insolation forcing (DJF_Dir 2 CTRL). In austral summer (DJF), the surface temperature responds directly to the reduced insolation, with slightly stronger cooling on land than ocean (Fig. 11b) . Whereas the surface temperature changes somewhat reflect the land-sea distribution, the tropospheric cooling presents a smoother spatial pattern (Fig. 11c) . The tropospheric moisture content, which is influenced by tropospheric cooling, drops as a result. However, while the tropospheric temperature pattern shows a rather small variation in spatial distribution (Fig. 11c) , moisture changes concentrate in the convective regions near the equator (Fig. 11d) . The discrepancy between the anomalous moisture and the temperature distributions is due to the following reason: as tropospheric temperature decreases, moisture would have to drop more pronouncedly in convective regions because of suppressed convection. Outside the convective regions, other processes, such as evaporation, dominate the moisture content. Therefore the moisture content does not change as much as in the convective regions (Fig. 11d) .
Precipitation changes in the direct insolation forcing experiments have a different pattern compared to that in the control experiment, especially in the case of the austral summer. In boreal summer, the direct response of precipitation (Fig. 10a) to the insolation forcing is somewhat similar to the results of the control experiment pair (Fig. 3a) . The northward shifting of the summer monsoonal rain belt as in the control experiments shown in Fig. 3a is also quite pronounced in the JJA_Dir experiment, though the strength of the anomalous precipitation is not as strong. Over ocean, the precipitation decrease is also weaker than in the result of the control experiment pair (MH 2 CTRL). In the DJF_Dir experiment (Fig. 11a) , austral summer precipitation decreases either over land or ocean in the convective regions, but it increases in the margins of the convective regions. The moisture budget (not shown) analysis indicates a significant contribution to the precipitation changes, not only from the moisture convergence induced by the anomalous vertical motion (M q $ Á v9 1 ), but also from M9 q $ Á v 1 , which results from the decrease in tropical tropospheric moisture. The term $ Á v9 1 , as analyzed by the MSE budget, is mostly contributed to by M9$ Á v 1 in the convective centers and the horizontal MSE advection in the convective margins (not shown).
By analyzing the direct effect of the insolation forcing, it is clear how different the results (Figs. 10 and 11) are from the control experiment (Figs. 3 and 4) ; this indicates the existence of some contributions from feedback mechanisms of the climate system other than merely from the direct insolation forcing. Some clues can be deduced from the analysis of other seasons. The DJF climatologies of the JJA_Dir experiment show that the warming signal of the boreal summer insolation forcing remains (Fig. 12) . Although there is no direct insolation forcing in this season, tropical surface temperature remains warmer (Fig. 12b) . The maximum warming areas are mostly in the Northern Hemisphere, which reflects stronger insolation in the north. It is noteworthy that warming also occurs over most ocean surfaces. The tropospheric temperature and moisture also respond similarly to surface temperature, with more tropospheric warming and increased moisture in the tropical Northern Hemisphere (Figs. 12c and 12d) . The cooling effect of the austral summer insolation forcing in the DJF_Dir experiment also persists until boreal summer (JJA), as clearly observed in the JJA climatologies (Fig. 13) . The surface temperature changes show tropical cooling as in DJF climatology (Fig. 11b ) but with weaker amplitude (Fig. 13b) , a pattern very similar to DJF surface temperature in the JJA_Dir experiment with opposite signs. The tropospheric temperature responds rather similarly to the surface temperature (Figs.  13b and 13c) , causing corresponding tropospheric moisture changes in the tropics (Fig. 13d) .
The precipitation changes (Figs. 12a and 13a) are also governed by the same mechanisms, which result in the precipitation variation directly forced by insolation. While increased (decreased) precipitation occurs at the center of the convective regions as a result of a significant increase (decrease) in moisture and a reduced (enhanced) effective static stability, diminished (enhanced) precipitation is found at the margins of the convective region because of the horizontal dry (moist) advection of surrounding air (Figs. 12a and 13a , respectively). We note that by an addon of the DJF (JJA) precipitation anomalies of the JJA_Dir and DJF_Dir experiments together (Figs. 11a  and 12a ), the precipitation variation pattern is slightly different from the control experiments (MH 2 CTRL) shown in Fig. 3b . It is because the contribution of ocean memory from other seasons, spring and autumn, is also important.
From the budget analysis discussed earlier, the main contributor to the vertical velocity change in the direct insolation forcing experiments (JJA_Dir and DJF_Dir experiments) is quite different from that in the control experiment (MH 2 CTRL). While M9$ Á v 1 and the horizontal MSE advection terms contribute mostly to the precipitation difference in the direct insolation forcing experiments, F net9 dominates the control experiment precipitation changes (Figs. 7 and 8 ). These differences between experiments arise from their diverse responses to the atmospheric moisture profile. Here, the austral summer case is discussed later for its relatively meridionally symmetric insolation forcing.
When the seasonal insolation asymmetry is removed in the direct insolation forcing experiment (DJF_Dir), the tropical atmospheric temperature decreases significantly as well as the moisture (Figs. 11b-d) . The climate response in the DJF_Dir experiment has a high resemblance to a double CO 2 global warming scenario discussed in Chou and Neelin (2004) , Tan et al. (2008) , and Chou et al. (2009) . While the insolation forcing causes a uniform cooling over the entire tropical region in the DJF_Dir experiment, a doubled atmospheric CO 2 concentration causes global warming. For both cases, the vertical moisture profiles change significantly; as a result, the anomalous vertical motion, which induces precipitation changes, is dominated by M9$ Á v 1 in the convective centers (the ''rich get richer'' mechanism), whereas the horizontal moisture advection term, which is the dominant term in 2hv Á $(q 1 T )i9, contributes to the convective margins (the ''upped ante'' mechanism), except with opposite signs because of the contrast in temperature responses to radiative forcing. The use of a similar mechanism in explaining the precipitation changes in both cooling and warming scenarios indicates that the dynamical response in the tropical atmosphere has an internal consistency under uniform global forcing, such as radiative warming or cooling.
On the other hand, when the air temperature variation in the control experiment is relatively small, the response of atmospheric moisture is diminished. Consequently, the variations in the atmospheric stability and the horizontal moisture gradient are diminished. While the former reduces the contribution of M9$ Á v 1 (Fig.  8b) , the latter moderates the contribution of the horizontal MSE advection (Fig. 8c) to the vertical velocity anomalies. The abatement of the first two terms contributing to ÀM$ Á v9 1 in the MSE budget (10) leaves F net9 to be a major contributor to the vertical velocity anomaly, which in turn causes precipitation changes. In DJF, the ocean retains the energy induced by the increased insolation from previous seasons, so SST changes are still positive over most of the tropical oceans (Fig. 4d) even though the DJF insolation is reduced. This creates positive F net9 , mainly through evaporation, so precipitation over oceanic convection zones is enhanced. Over land, on the other hand, colder surface induced by the reduced insolation suppresses convection, and the associated precipitation is then reduced. The dominance of F net9 in the precipitation changes is sensitive to the intensity of the atmospheric moisture variation, which is controlled mainly by the magnitude of average tropospheric temperature variation under a large-scale forcing. Therefore, the discussion obviously shows that the warming (cooling) signals of last season's insolation remains in the ocean system during later months, which might affect or cancel the direct insolation cooling (warming) of the current season, especially for the ocean area. This result suggests that the slight opposite variation of the ocean temperature to the direct midHolocene insolation forcing in the control experiments and in the PMIP2 simulations may be caused by the cancellation between the direct insolation forcing and the ocean memory via F net9 under the configuration of the seasonally asymmetric insolation forcing. Also, the precipitation responses can readily be expressed as the combined outcome of the direct insolation forcing and the ocean memory effects. In short, these experimental results show the importance of the ocean's capability of retaining heat on a longer time scale than annual cycles as well as its influence on long-term climate changes (Ohgaito and Abe-Ouchi 2007; Braconnot et al. 2008) . In this study, we considered a fixed mixed layer depth, so the magnitude of the land-ocean precipitation contrast might differ from those in the PMIP2 simulations. A further study should be done to understand the effects of the mixed layer depth on the land-ocean precipitation asymmetry.
Conclusions
Three sets of model experiments were conducted to understand the mid-Holocene climate variability, a landsea asymmetry of precipitation in particular, from different aspects by an intermediate atmosphere model coupled with a simple land surface model and a mixed layer ocean model. Since the mechanical effect of topography was not included in this model, the associated summer monsoons were slightly weaker than those in the PMIP2 simulations. Overall, the simulated general climate pattern of the mid-Holocene agrees well with the GCM simulations and paleoclimatic proxy reconstructions, with some small discrepancies due to the lack of ocean dynamics. A distinct asymmetry in precipitation change is found over convective regions between tropical continents and oceans. In boreal summer, the increased precipitation occurs mostly over the tropical continents; however, decreased precipitation occurs over the tropical ocean regions. On the other hand, austral summer precipitation increases over the ocean regions but decreases over the continents, a land-sea asymmetry of precipitation changes.
The mechanism causing this distinct land-sea asymmetry in the precipitation changes lies in two properties FIG. 13 . As in Fig. 10 , but for the ocean memory effect of DJF insolation forcing in JJA climatology, namely, JJA difference in DJF_Dir 2 CTRL. Contour interval is as in Fig. 10 of the earth's system and the insolation forcing. First, because of the different thermal inertia of continents and oceans, the response time of continents and oceans to the insolation forcing differs. Second, the mid-Holocene insolation forcing presents a seasonally asymmetric pattern, which causes a warming effect in one-half of the year and a cooling effect in the other half. In the continental regions, the temperature, and in turn the precipitation, respond as soon as the solar radiation changes. Therefore, precipitation changes over continents vary in the same direction as the mid-Holocene insolation forcing. However, the ocean responds to radiative forcing slowly; as a result, the memory of last season's insolation forcing remains and cancels out the later insolation forcing, which carries an opposite sign to the earlier forcing, leading to no or slight SST changes. Thus, the process associated with the net energy into the atmosphere becomes dominant in determining the land-sea precipitation asymmetry.
The small variation of the SST as a result of the cancellation between the direct insolation forcing and the ocean memory effect not only enables reasonable results from earlier SST-prescribed model simulations (Kutzbach 1981; Kutzbach and Otto-Bliesner 1982) but also implies that a SST-prescribed simulation is virtually sufficient to account for the energy balance between the atmosphere and the mixed layer ocean. By comparing coupled atmosphere-ocean GCM simulations with SST-prescribed simulations, the influence of ocean feedbacks to regional monsoon climate has been discussed (e.g., Hewitt and Mitchell 1998; Vettoretti et al. 1998; Braconnot et al. 2000; Liu et al. 2004 ). Our results suggest that the SST-prescribed simulation tends to obscure the effect of the ocean-atmosphere energy balance to the climate responses, and therefore it would underestimate the ocean memory effect on climate in the discussions of ocean feedback (Braconnot et al. 2007 ).
In conclusion, our study emphasizes the importance of the different responses of land and ocean based on their different characteristics under a seasonally asymmetric insolation forcing. The cancelling effect of the direct insolation forcing and the ocean memory of the previous season forcing can moderate the temperature and precipitation changes. Since both the obliquity and precession variations of the Earth's orbit induce a seasonal contrast in insolation change, a more thorough investigation of the influence of a seasonally varied forcing on orbital time-scale climate changes may provide some significant clues to mechanisms that have governed the glacial-interglacial cycles.
